Abstract: This article summarizes our recent achievements in the asymmetric catalytic formation of chiral alcohols using 3-substituted, 2-azanorbornyl-based ligands. The use of this structural unit in ligand synthesis offers several advantages over the analogous proline chemistry, such as equal availability of both enantiomers and increased rigidity of the catalysts. This ligand has been found to be very useful for the two reactions described in this paper: the ruthenium-catalyzed transfer hydrogenation of ketones, and the base-mediated rearrangement of epoxides.
INTRODUCTION
It is now more than 35 years since Nozaki et al. prepared the first chiral ligand designed for asymmetric catalysis and used it in a copper-catalyzed, asymmetric cyclopropanation reaction [1] . Despite the tremendous development the field of catalytic asymmetric synthesis has experienced, there is still a need for development of new efficient ligands. When aiming at the design of a versatile ligand today, there are a number of criteria to keep in mind. The ligand should (i) be easy to make in large scale from cheap starting materials, (ii) be available in both enantiomeric forms, (iii) have a stable and simple structure with a low molecular weight, (iv) bind to a vareity of metals, and (v) lead to high asymmetric induction in a number of different processes.
Few classes of chiral compounds have been so exploited in organometallic catalysis as the naturally occurring amino acids. Within this class of substances, proline-derived ligands have achieved particular interest due to the rigidity imposed by the pyrrolidine unit [2] . In light of the success of this structure in particular, we turned our attention to 2-azanorbornyl analogs with an even more restrained backbone. In addition to the increased rigidity, ligands based on this subunit are equally accessible in both enantiomeric forms, in contrast to natural amino acid derivatives.
The basis for the chemistry described in this account article was founded back in 1990 when the groups of Stella [3] , Bailey [4] , and Waldmann [5] independently reported on an efficient procedure for the asymmetric synthesis of 2-azanorbornyl-3-carboxylic esters 1. This synthesis utilizes cheap 1-phenylethylamine as a chiral auxiliary in an acid-catalyzed aza-Diels-Alder reaction between cyclopentadiene and an alkylglyoxylate imine (Fig. 1) . The product is formed in a highly stereoselective manner and can easily be purified on a large scale. 
RUTHENIUM-CATALYZED TRANSFER HYDROGENATION OF KETONES
In one of our projects, we focused on the design of new ligands for ruthenium-catalyzed transfer hydrogenation of ketones into chiral secondary alcohols (Fig. 2) [6]. This reaction is industrially very interesting due to the many favorable properties of the reductant i-PrOH as compared to hydrogen gas.
Our efforts in this field have been focused on the reduction of aromatic ketones. This reaction, for which there is a considerable amount of experimental data available [8, 9] , is well suited for probing the capabilities of new ligands, and the products themselves are important in organic synthesis. With our new bicyclic ligands readily available and in the light of the new findings by Noyori [10] that amino alcohols accelerate ruthenium-catalyzed transfer hydrogenations, we realized the potential of our ligands in this reaction. The 2-azanorbornyl-3-methanol system could be viewed as an extension of the prolinol ligand, a ligand that however gives a very low ee in the reduction of acetophenone [6] .
In addition to the development of new 2-azanorbornyl-3-methanol ligands, we have also designated considerable efforts in order to clarify the mechanism of the reaction and to understand how the selectivity as well as the rate is affected by the ligand structure [11] . Experimentally, we have been able to merge several attractive features in our catalysts such as high asymmetric induction, a high rate of the reaction, and easily synthesized catalysts readily available in both enantiomeric forms.
A series of different ligands was prepared starting from two different aza-Diels-Alder adducts. The synthesis of the ligands is outlined in Schemes 1 and 2. In this catalytic reaction, the azanorbornyl ligands should have a secondary amine functionality in order to be effective. This reduces the number of steps in the synthesis since the nitrogen of the 2-azanorbornyl-3-methanol backbone does not have to be protected.
In the route to symmetrically substituted α-carbons of the alcohol, 1 is treated with H 2 /(Pd/C) to yield the saturated N-deprotected amine 2 in 98 % yield. This compound is then reduced by LiAlH 4 in 90 % yield to give the nonsubstituted ligand 4. Alternatively, the ester can be dialkylated with the desired alkyl or aryl Grignard reagent to give the α,α-disubstituted tertiary alcohols. Using MeMgBr, the overall yield of 5 is 64 %. For the preparation of α-monosubstituted secondary alcohols, the N-protecting group is kept in the initial Pd/C-catalyzed reduction of the double bond (92 % yield). The resulting saturated ester is then reduced to the alcohol by LiAlH 4 followed by a Swern oxidation to give the corresponding aldehyde (92 % yield in 2 steps). At this stage, a number of different aryl and alkyl groups can be added in a highly diastereoselective manner by use of a Grignard reagent in combination with CeCl 3 . In this study, we used MeMgBr, which gave the final ligand in 98 % yield.
The other diastereomer of the α-monosubstituted secondary alcohols was prepared from the azaDiels-Alder adduct 7 (Scheme 2). This compound was subjected to Pd/C-catalyzed hydrogenation of the double bond followed by a diastereoselective LiAlH 4 reduction of the ketone to the corresponding alcohol which was N-deprotected by hydrogenolysis to give ligand 8. Table 1 , entries 1-4. It was found that just by introducing a methyl substituent in α-position to the alcohol, the selectivity and the rate of the new ligands changed from a very active catalytic species [for the (R)-Me substitution, 8] to a less active one [(S)-Me substitution, 6]. This could be explained by steric interactions between the substituent and the arene or between the substituent and the Ru-hydride in the metal hydride complex.
We showed earlier that a remote dimethyl dioxolane structure on 2-azanorbornyl methanol causes a significant increase in the activity of the catalyst [13] . If the positive effect of this modification was transferable to a ligand with a (R)-methyl substituent at the carbinol carbon, we would obtain an extremely efficient catalyst. The synthesis of ligand 10 (Scheme 3) starts with the dihydroxylation of 1 by using OsO 4 and NMO in a t BuOH/H 2 O mixture. Protection of the diol with a dimethyl ketal, in the presence of p-TsOH afforded the corresponding dioxolane. Reduction of the ester with LiAlH 4 followed by Swern oxidation to afforded aldehyde 9 in 84 % yield. Grignard reaction with MeMgBr and CeCl 3 and subsequent debenzylation furnished the desired ligand 10.
When reducing acetophenone with 10 at an S/C ratio of 200:1 (Ru/ligand/base/substrate 1:4:5:200), the reaction was completed within 6 min with 96 % ee. This result encouraged us to decrease the catalyst loading and it was found that at an S/C ratio of 1000:1 the reaction was finished in less than 15 min, with a TOF 50 as high as 8500 h -1 . Even at an S/C ratio of 5000:1, the reaction proceeded to full conversion after 90 min, but at an S/C ratio of 7000:1, the reaction stopped at 85 % conversion. The enantioselectivity was unaffected by lowering the amount of catalyst, and no decrease in ee was detected as a result of prolonged reaction times.
The substrate study (Table 2) shows that it is possible to perform transfer hydrogenation on a range of different aromatic ketones with a catalyst loading as low as S/C 1000:1 (Table 2 , entries 2, 3, 4, 7, 8, and 10). Lowering the amount of catalyst does not affect the enantioselectivity, and the reaction rates are still high. This system is capable of reducing aromatic ketones that contain both electron-donating and -withdrawing substituents in ortho, meta, and para positions with excellent enantioselectivity. 
ASYMMETRIC BASE-MEDIATED REARRANGEMENT OF EPOXIDES
Chiral allylic alcohols are synthetically very important and are widely applied in organic synthesis. These alcohols are generally prepared from α,β-unsaturated ketones by fairly expensive hydride reductions or by kinetic resolution using the Sharpless epoxidation. A more efficient approach to chiral allylic alcohols is the base induced asymmetric rearrangements of meso-epoxides [14] . As a consequence, this transformation has been employed (using a stoichiometric amount of chiral diamine however) as the key step in the syntheses of numerous commercially and biologically important substances, e.g., carbovir [15] , lasiol [16] , faranal [17] , leukotrienes [18] , and prostaglandin precursors [19] . The corresponding catalytic reaction is less developed, and thus, this is an area where new methods are highly appreciated. Up to date, the most successful examples rely on the use of a chiral diamine as catalyst and LDA as the stoichiometric base. We have recently developed a new chiral diamine (Fig. 3 ) which accomplishes this transformation catalytically in high yield and enantioselectivity [20] .
By the use of this new base, we could overcome several of the problems encountered with the former systems. Our base is easily synthesized, readily available in both enantiomeric forms and could most importantly be used in catalytic amounts without any severe lowering of neither the enantiomeric excess nor the yield of the reaction.
The synthesis of the bicyclic diamine start from the ester of the commonly employed azaDiels-Alder adduct 1 (Scheme 4). The carbon-carbon double bond in this compound is reduced, and the ester group of the resulting saturated product is subjected to LiAlH 4 reduction followed by Swern oxidation in order to give the corresponding aldehyde 3. Reductive amination of this intermediate followed by hydrogenolysis of the N-protecting group leads to the desired chiral diamine 12.
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Development of a new methodology for the preparation of optically active alcohols 551 Fig. 3 The new chiral diamine used in the rearrangement of meso-epoxides into chiral allylic alcohols.
The catalytic ability of the new base was evaluated using the conditions developed by Asami [21] , that is, the reactions were carried out by adding a solution of the meso-epoxide to a catalyst mixture containing LDA as the stoichiometric base and DBU as cosolvent in THF. The results are presented in Table 3 . The levels of asymmetric induction for the cyclic epoxides are, to our knowledge, the highest reported so far for the asymmetric epoxide deprotonation (entries 1-5, Table 3 ). It is also the first example of a catalytic system for this reaction which, except for cyclopentene oxide (entry 1, Table 3 ), gives very high enantioselectivity regardless of whether a full equivalent or 5 mol % of the chiral base is used (cf. entries 2-5, Table 3 ). However, despite the generality and efficiency of 12, acyclic epoxides and some cyclopentene oxides could not be satisfactorily rearranged under catalytic conditions.
As a continuation of our attempts towards a systematic variation of the tertiary amine moiety, the trans-2,5-dialkylpyrrolidines 19 and 20 (Fig. 5) were judged as suitable catalyst candidates [22] . The limited flexibility of the pyrrolidine ring was an attractive feature, as well as the C 2 -symmetry, which does not allow the formation of diastereomerically heterogeneous catalysts. Furthermore, the access to both enantiomers of the dimethylpyrrolidine would not only provide information about the influence of steric hindrance, but also reveal the preferred stereochemistry of the substituents at the 3°amine. It turned out that the combination of chirality in the bicycle and the pyrrolidine was matched in 19 and mismatched in 20. To test 19 for substrate generality, a series of representative meso-epoxides were subjected to the standard catalytic conditions, as outlined in Table 4 . It was found that its efficiency applies to all substrates investigated, and the levels of enantioselectivities were improved. The result obtained with cyclopentene oxide (Table 4, ously difficult substrate for the title reaction, which tends to undergo unclean syn-β-elimination due to competing α-lithiation. However, in the presence of only 5 mol % of 19, rearrangement takes place smoothly and furnishes cyclopentenol in 96 % ee. Likewise, the catalytic rearrangement of acyclic epoxides to give >90 % ee is also purely novel.
